Novel spatial, temporal, and energetically resolved measurements of bremsstrahlung hard-x-ray (HXR) emission from runaway electron (RE) populations in tokamaks reveal nonmonotonic RE distribution functions whose properties depend on the interplay of electric field acceleration with collisional and synchrotron damping. Measurements are consistent with theoretical predictions of momentum-space attractors that accumulate runaway electrons. RE distribution functions are measured to shift to a higher energy when the synchrotron force is reduced by decreasing the toroidal magnetic field strength. Increasing the collisional damping by increasing the electron density (at a fixed magnetic and electric field) reduces the energy of the nonmonotonic feature and reduces the HXR growth rate at all energies. Higher-energy HXR growth rates extrapolate to zero at the expected threshold electric field for RE sustainment, while low-energy REs are anomalously lost. The compilation of HXR emission from different sight lines into the plasma yields energy and pitch-angle-resolved RE distributions and demonstrates increasing pitch-angle and radial gradients with energy.
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Classical theories for relativistic RE generation in tokamaks based on the effects of Coulomb collisions (small angle [5] and secondary avalanche [6] ) determine the critical electric field (E C ) for the growth of RE populations. Further work highlighted the important role of synchrotron damping in elevating the threshold electric field above E C [7, 8] , and several experiments have since yielded evidence of the elevated threshold [9] [10] [11] [12] . These observations motivated the development of a rigorous analytical theory [13] and computational tools [14] [15] [16] [17] [18] [19] that clarified the importance of the effects of pitch-angle scattering and synchrotron damping. Alongside quantifying the enhancement of the threshold field, these works predict phase-space circulation around an attractor resulting in a pileup of REs at specific energies potentially resulting in nonmonotonic features in the RE distribution function (f e ). While important to the RE dissipation rate and thus the prospects for control, neither have these features of f e been directly observed nor has a detailed model validation of experimental f e together with dissipation rates been made until now.
In this Letter, we report the first spatially, energetically, and temporally resolved reconstructions of f e in tokamaks and their dependence on plasma parameters. The effect of varying synchrotron and collisional damping on f e is directly shown, and direct comparisons to time-dependent modeling are made. This significantly expands on previous measurements [20] [21] [22] by spatially localizing the RE emission, isolating the synchrotron effect, and comparing directly to modeling. Experiments are conducted using trace RE populations in low-density Ohmic plasmas [11] in the DIII-D tokamak with parameters targeted to nondimensionally match the expected conditions in postdisruption RE beams in ITER, with both predicted to develop nonmonotonic f e . Nonmonotonic features at the predicted energies are observed, and their dependence on synchrotron and collisional damping rates will be described.
Measurement technique.-Emission from RE populations are measured using a novel toroidally viewing (tangential) pinhole camera made entirely of lead, pictured in Fig. 1 (a) and described in detail in Refs. [23, 24] . Bremsstrahlung radiation emitted when a RE scatters off a plasma ion or neutral is collimated into the discrete sight lines of the camera. Because of the tangential view, only emission from low-pitch-angle REs is measured. The sight lines view different parts of the plasma cross section, shown in Fig. 1(b) . Along each sight line, different angles are made between the equilibrium magnetic field direction (b, obtained from equilibrium reconstructions) and the sight-line orientation (k). The minimum θˆkb along the sight line is used to color code the view. Emission along each active sight line is measured by a bismuth-germanate scintillating crystal together with a photodiode. The scintillation pulses from individual photons are digitized at a 10 MHz sample rate, with the pulse height determining the photon energy (E γ ). Binning the pulse heights in time allows an energy spectrum of hardx-ray (HXR) photons (f γ ) to be assembled. f γ is a convolution of f e , the bremsstrahlung emission coefficients [25] , and Compton scattering in the scintillator [26] . Assuming spatial homogeneity of f e , knowledge of the bremsstrahlung emission and Compton scattering allows the inversion of f γ to f e by computing the expected f γ from a set of monoenergetic f e . In the inversions, finite pitch-angle effects are ignored; thus, only 1D experimental f e are shown.
Background plasma and modeling framework.-The quiescent flattop scenario is employed [11] . The initial low-density operation builds a robust (and monotonic) RE population due to primary (Dreicer) production that also undergoes a secondary avalanche. When the REs reach a critical intensity, an asynchronous trigger at t puff begins the RE dissipation phase. Here, background plasma properties such as the toroidal magnetic field (B T ) and the electron density (n e ) are actuated independently [shown in Fig. 2(a) ] to vary the RE damping terms and study their effect on f e . Primary production ceases in the dissipation phase as thermal transport changes reduce the electron temperature. Note that the dimensional B T and n e map to changes in the synchrotron and collisional damping terms and are nondimensionalized by the parametersτ r [≡ 3 2 ðm e ln Λ=ϵ 0 Þ× ðn e =B 2 T Þ ≈ 28fn e ½10 19 m −3 =ðB T ½TÞ 2 g, the ratio of the collision to the synchrotron damping time] and E=E C (≡ð4πε 2 0 m e V 2 C =n e e 3 lnΛÞ≈10fV loop ½V=n e ½10 19 m −3 g, the ratio of the toroidal electric field to the critical field). E is measured at the plasma surface, but any radial gradients relax quickly (< 1 s) compared to discharge time scales. The ion charge Z is also measured with charge exchange spectroscopy and actuated by replacing deuterium ions (Z ¼ 1) with nitrogen ions (Z ¼ 7) holding n e constant. The plasma retains keV thermal temperatures and is thus fully ionized, so no corrections due to bound electrons are needed. The nondimensional E=E C , Z, andτ r accessed are similar to expected values in ITER, thus giving access to ITER-relevant RE dissipation regimes.
To model the evolution of f e , the time-dependent relativistic 2D Fokker-Planck equation (for example, Ref. [27] ) is solved numerically inputting measured onaxis (spatially 0D) plasma parameters [ Fig. 2(b) ]. The equation as in Ref. [13] is solved with two amendments: (i) The collision operator is extended to be valid for lower energies (similar to Refs. [28, 29] ), and (ii) an approximate secondary source is included which captures the effect of a finite energy incident electron population. This treatment accurately captures the analytical results of RE generation models [5, 6, 30] as well as the near-threshold regime [13] . The computed f e evolution is then placed through a forward model taking into account bremsstrahlung emission coefficients and sight-line geometry to obtain the predicted f γ [24] . Unlike inversion from f γ to f e , forward modeling from f e to f γ requires no assumptions, though in accordance with the tangential view only the low-pitchangle part of the distribution h0°-30°i is used in the f γ calculation (though taken to have zero pitch angle).
Global distribution measurement.-The discharge in indicates a similar evolution is predicted. As with the experiment, f γ increases more rapidly at high energy, and a nonmonotonic feature in f e is computed for these experimental conditions at a similar energy (≈7 MeV). The final f e shape is near stationary, indicating the phase-space circulation effect gives rise to the nonmonotonic feature. Note that the absence of f e points late in time below 5 MeV is due to the prediction of slightly negative f e (with a large uncertainty) due to the subtractions involved in the inversion process, indicating that, while the degree of hollowness is difficult to quantify, peaked f e are excluded. Additionally, two experimental noise floors are present: at low flux due to limited counting statistics (≤ 5γ= s) and at low energy due to pulse heights approaching electronic noise levels (≤ 1 MeV). Modeled f e are momentumspace distributions plotted against energy, normalized by n RE ¼ R f e dp, and take units [γ=MeVs] . While normalization affects the f e shape, this normalization follows directly from the experiment (γ=s count rate histograms with uniform 1 MeV binning) and also highlights attractor dynamics.
Angular and spatial dependencies.
-Comparison of f γ from individual sight lines allows the extraction of radial and pitch-angle profiles of sufficiently energetic REs. This is due to the angular localization of bremsstrahlung emission provided by the relativistic forwardbeaming effect. Assuming f e decreases with the pitch angle, emission into a sight line with a small minimum θˆkb will be dominated by small-pitch-angle REs. In contrast, emission into sight lines with large minimum θˆkb will predominantly see REs whose pitch angle roughly matches θˆkb. Contributions from larger θˆkb points along any sight line are weaker as f e (and thus emission) decreases with the pitch angle. Measurement geometry is further described in Ref. [24] . Thus, comparing f γ from sight lines viewing the same flux surface at different minimum θˆkb is roughly equivalent to resolving the f γ pitch-angle distribution. An example pitch-angle-resolved f γ measurement is shown in Fig. 3(a) , plotting against the minimum θˆkb and illustrating energy-dependent falloff. Note that 10 MeV emission cones are narrower than minimum θˆkb separation (see the cartoon), though blurring does occur below 5 MeV, setting a low E γ angular resolution limit. f γ from each sight line can be inverted [ Fig. 3(b) ], confirming expectations of a more forward beamed f e at higher energy. The inferred f e pitch-angle dependence can be compared to theoretical predictions [13] of exponential angle falloff with a decay coefficient proportional to the ratio of E=E C to Z þ 1. As shown in Fig. 3(c) , the prediction is within the experimental uncertainty below 7 MeV. At higher energy, f e is more forward beamed than expected for reasons that are not yet understood, though uncertainties are larger for this measurement due to the lower counting statistics of single sight lines. Improving counting statistics through repeat discharges or increased detector efficiency will reduce uncertainty at high E γ , allowing, for example, the formulation of Ref. [8] to be validated. Future work will also pursue 2D (angle-resolved) f e inversions.
Individual sight lines with the same low minimum θˆkb but viewing different flux surfaces can also be used to measure radial profiles of f γ , as shown in Fig. 3(d) .
As with the pitch-angle distribution, radial falloff is more pronounced at high energy, indicating that energydependent spatial transport is present. Global parametric dependencies.-Modifying the synchrotron and collisional damping rate is found to have a strong effect on the measured f γ and f e in both the theory and the experiment (aggregating now over all active sight lines). The effect of synchrotron radiation is isolated by using three matched discharges with similar prehistories and postpuff parameters (E=E C ¼ 3.1 AE 0.3 and Z ¼ 1.4 AE 0.1) but varying B T , thus accessing a wide range ofτ r [Figs. 4(a)  and 4(b) ]. Experimental f γ [Fig. 4(c) ] demonstrate a reduction in high E γ counts and an increased spectral index as B T is raised, opposite to the expectation from singleparticle confinement arguments yet consistent with synchrotron effects limiting the high-energy f e . Interestingly, at low E γ a decrease in f γ is found with decreasing B T . Experimental f e [ Fig. 4(d) ] indicates that the RE distribution is getting progressively flatter as B T is decreased, with the lowest B T displaying a nonmonotonic feature in f e outside of the experimental uncertainty. Modeling of these cases [Figs. 4(e) and 4(f)] qualitatively predicts the observed shape variations withτ r . However, variations between f e and f γ at differentτ r are observed at a lower energy than in modeling, indicating a stronger B T effect in the experiment potentially due to the neglect of spatial effects. Indeed, the input on-axis B T value is lower than the inboard value, which is also where visible synchrotron emission is known to be localized [11, 31] .
Considering emission growth rates [Figs. 4(g) and 4(h)], the distant HXR, ECE, and low E γ f γ growth rates all decrease with increasing B T . In contrast, SE and high E γ f γ rates display the opposite B T trend. All emissions are thus broadly consistent a shift to a high energy as B T is lowered. Note, however, that quantitative ECE and SE growth rates differ from the f γ rates, due to the direct B T dependencies of these emissions. The corresponding model-predicted f γ growth rates are shown in Fig. 4(i) . Agreement is good at high E γ , though at low E γ the observed decay is not reproduced unless the secondary source term is artificially removed as might be expected if E=E C were somewhat lower.
Increasing collisional damping by raising n e and thus decreasing E=E C [Figs. 5(a) and 5(b)] is found to decrease the growth rate of HXR emission [ Fig. 5(c) ] across all E γ . Growth rates of all other measured emissions (ECE, SE, distant HXR) also decrease as E=E C is reduced (not shown). A transition from HXR signal growth to decay at E=E C far above E=E C ¼ 1 is measured on the distant plastic scintillator (as reported in Refs. [11, 12] ), but the E γ dependence of this diagnostic is unclear. E γ -resolved measurements reveal an increasing HXR growth rate with E γ at fixed E=E C [also seen in Fig. 4(h) ]. Thus, the E=E C value where HXR growth transitions to decay decreases with increasing E γ . While an extrapolation is necessary to find this value at a high energy, it is roughly at E=E C ≈ 2. This compares more favorably to the threshold field for RE generation which is predicted to be at E=E C ¼ 1.6 for these conditions [13] , indicating a more consistent behavior at high energy. Comparison of experimental and model f γ and f e [Figs. 5(d)-5(g)] shows good agreement, with the high E=E C case extending to higher energy and with a harder spectral index than at low E=E C . The experimental nonmonotonic feature increases in energy from 5 to 7 MeV as E=E C is raised, also in good agreement with model predictions (from 6 to 7 MeV). Summary and conclusion.-Comparing experimental and modeled f e , nearly all qualitative trends are captured: (i) Both develop nonmonotonic features at consistent energy, (ii) f e are more parallel directed at a high energy, (iii) increasing synchrotron damping (loweringτ r ) shifts f e towards a lower energy, and (iv) increasing collisional damping (lowering E=E C ) decreases f e at all energies. The f e shape and location of nonmonotonic features are generally in agreement as E=E C andτ r are varied.
An exception to the wide qualitative agreement between the experiment and theory is the behavior at low energy, where systematically lower f γ growth rates are observed. The cause remains unknown but may be due to spatial transport effects not included in the 0D model [32] . Allowing for momentum-dependent spatial diffusion (as expected from magnetic fluctuations) also introduces free parameters to fit the observed spatial f e trends but does not exclude other mechanisms (such as kinetic instability due to the f e shape) from impacting the spatial gradients. Other spatial effects, such as an increase of the calculated synchrotron damping under a full-orbit treatment [33] , may also contribute to explaining the quantitatively stronger effect of B T seen in the experiment.
In conclusion, novel measurements provide the first confirmation of nonmonotonic features in RE distribution functions and their dependence on collisional and synchrotron damping terms. The broad agreement found validates the importance of these effects and improves confidence that these models can be used to design optimized RE mitigation strategies. Looking forward, the identified discrepancies will guide improvements to RE dissipation models and enable improved validation against the spatial, temporal, pitch-angle, and energetic effects described herein.
DIII-D data shown in this Letter can be obtained in digital format by following the links at Ref. [34] .
